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Pol y (1,4-phenylene-2,6-cis-benzobisoxazole) and poly (2,5-benzoxazole) represent examples of semiflexible 
chains, forming polyelectrolytes in solution in protic acids. Dilute solutions of these have been studied by stat- 
ic and dynamic light scattering and viscometry. Solutions have been prepared in acidic solvents over a wide 
range of ionic strength, and hence of Debye electrostatic screening length r'. The data reveal electrostatic inter- 
actions among the protonated chains through a thermodynamic segment diameter dT that depends markedly on 
&. The analysis suggests that the electrostatic component d, to dT must be large enough to offset a neutral com- 
ponent d. in d,, providing the mechanism for dissolution of the charged chains. The persistence length p = 40 
nm for poly(I,4-phenylene-2,6-cis-benmbisoxazole), is essentially independent of P?. Thus, for this chain the 
electrostatic component pp to p must be small in comparison with the neutral component p. to p. This appears 
to be in reasonable accord with estimates of p. based on conformational analyses, and pe using an electrostatic 
model. By contrast, p i s  found to depend markedly on II-' for poly(2,5-benzoxazole), with p much larger than p. 
for all of the systems studied. The observed rcp vary from 20 to 50 with ~ - 1  increasing from 0-8 to 8 nm for 
poly(2,5-benzoxazole). Thus, it may be considered to be a wormlike semiflexible chain in solvents with low r' 
(high ionic strength), and rodlike in solvents with larger rl. By comparison, values of rcp calculated with an 
electrostatic model based on a charged wormlike cylinder are about ten-fold smaller. The discrepancy is attrib- 
uted to the failure of the model to account for the discrete rotational states available to the poly(2,5-benzoxazole) 
chain. 

KEY WORDS Poly(2,5-benzoxazole), (1.4-phenylene-2,6-cis-benmbisoxazole), polyelectrolyte, semiflexible, 
wormlike, static light scattering, dynamic light scattering 

INTRODUCTION 

The semiflexible chains poly(l,4-phenylene-2,6-cis-benzobisoxazole), cis-PBO, and 
poly(2,5-benzoxazole), ab-PBO, are each soluble only in reactive solvents, such as strong 
protic acids. In the latter, the chains are protonated by the acid to form a polycation [ 141: 

P + nRH $ P ( H + ) ,  + nR- 
where P represents the polymer and RH the acid solvent. Thus, electrostatic interactions 
may become important in determining the conformation of the semiflexible chain and the 
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56 V. J. SULLIVAN AND G. C. BERRY 

interactions among the chain [5-191. In addition, protonation may change the conforma- 
tion of the repeat unit, with further effect on the overall chain conformation [15-171. As 
may be seen in Figure 1, in the absence of electrostatic effects, the conformation of cis- 
PBO is expected to be more extended than that of ab-PBO owing to the nature of the chain 
structure [15-181. Thus, the persistence lengths p,, calculated for the neutral cis-PBO and 
ab-PBO chains differ significantly, with estimates being in the range 25 - 80 nm for cis- 
PB0[15-171 based on conformational models of varying sophistication, and - 5nm for 
ab-PBO assuming free rotation about the single bond between repeat units [18]. Both 
polymers will form an ordered (nematic) phase in concentrated solutions, with signifi- 
cantly higher concentration being required for ab-PBO than for cis-PBO of equivalent 
molecular weight in a solvent such as methane sulfonic acid [3,18,19]. 

In this study, light scattering and intrinsic viscosity measurements on dilute solutions 
are used to characterize the persistence length and intermolecular interactions for the ab- 
PBO and cis-PBO chains in solution in protic acids, in which the chains are highly proto- 
nated [ 1 4 .  Solvents spanning a range of ionic strength have been used to study the 
effects of ionic strength on these parameters. The results will be compared with theoreti- 
cal relations available in the literature [5-131. Owing to substantial difficulties encoun- 
tered with intermolecular association if the samples are fractionated with respect to chain 
length, this study has been conducted with the materials as polymerized, to permit a rea- 
sonable estimate of the effects of molecular weight distribution on the observed parame- 
ters. Principal conclusions of this study will be that electrostatic interactions play a dom- 
inant role in intermolecular interactions with both ab-PBO and cis-PBO in solvents with 
low ionic strength, whereas the radius of gyration of ab-PBO, but not that of cis-PBO, 
increases sharply as the ionic strength is decreased. Comparisons will be made with avail- 
able theoretical predictions. 

The notation ABPBO has been used to refer to poly(2,5-benzoxazole) in place of the 
equally unconventional notation ab-PBO used here, e.g., see reference 18 and citations 

Poly(l,4-phenvlene-2,6-cis-benzobisoxazole), PPBO 

Poly(2,5-benzoxazoIe), PBO 

FIGURE 1 Schematic drawings of the repeat units of the cis-PBO and ab-PBO polymers. 
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LIGHT SCA'ITERING FROM POLYELECTROLYTES 57 

therein. The authors could devise no simpler notation since PBO has been used for some 
time to denote poly( 1,4-phenylene-2,6-cis-benzobisoxazole). 

EXPERIMENTAL 

Materials 

Both the cis-PBO and the ab-PBO samples used here were obtained from the Dow 
Chemical Co. through the courtesy of Dr. W.-E Hwang. The general methods of poly- 
merization have been discussed elsewhere [ I t ? ] .  The samples were received as dry pow- 
ders, precipitated and washed free of contaminants from the polymerization solution. The 
samples were placed under vacuum (- 10-4 tom) at 60°C for -4 weeks, and heated to 
100°C at -le5 torr for at least 24 h immediately prior to use. 

Methane sulfonic acid, MSA, and trifluoromethane sulfonic acid, FMSA, were received 
from Pennwalt Co. and 3M Co., respectively. Both solvents were distilled under an inert 
atmosphere before use (MSA under reduced pressure), and stored under dry conditions 
under nitrogen. Recent studies on MSA have shown that the distillation process used here 
may leave residual water, thereby enhancing the ionic streng& of the solvent [20]. The 
ionic strength I of solutions studied in FMSA was varied by addition of lithium trifluo- 
romethane sulfonate, obtained from Aldrich Chemical Co. The salt was placed under vac- 
uum torr) and heated with a flame just prior to use. The mixed solvent systems is 
designated by reference to the molarity of the lithium salt added, e.g., FMSA + 0.1M 
denotes FMSA with 0.1 molar added salt. 

The ionic strength of the solvents used was deduced from measurements of the con- 
ductivity at loo0 Hz using a sealed cell fitted with platinum electrodes, following proce- 
dures described elsewhere, see below [3,21]. 

Dilute Solution Characterization 

Viscometry measurements were carried out under nitrogen using Ubbelohde viscome- 
ters. A bath with temperature fluctuations of less than k0.01"C was used. Solutions in 
MSA were filtered through a 1 pm Zitex TeflonTM filter attached to the syringe used to 
deliver weighted amounts of solution (or solvent) to the viscometer. Since the filtration 
assembly was not inert to FMSA, a glass frit (average pore size 25 pm) was installed in 
the viscometers to filter the solution entering the capillary. Viscometers were chosen so 
that solvent flow times ts exceeded 200 seconds. Flow times were reproducible to 
k 0.02%. 

Light scattering experiments and measurements of refractive index increment dddc 
were carried out using instruments described elsewhere [2]. Solutions in MSA were fil- 
tered into light scattering cells through l micron TeflonTM filters as with viscometry mea- 
surements. FMSA solutions were filtered through glass frits of l micron average pore size. 
The samples were filtered into Danliker-Kraut type light scattering cells [Z], then degassed 
and sealed on a vacuum line. Cells were centrifuged for 24 hours at 7000 rpm in a swing- 
ing bucket rotor. 
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RESULTS 

V. J. SULLIVAN AND G. C. BERRY 

Specific conductances Kpp of 0.0032 and 0.00022 ohm-km-1 were found for the samples 
of MSA and FMSA used here. For the univalent species of interest here, Ksp = Gl,mi, with 
mi the molar concentration of species i ,  and the ionic strength I,, = Cm@ is related to Kv 

(1) 

Following procedures discussed elsewhere [3], I,  was calculated from the observed Ksp for 
MSA and FMSA on the assumption that the ratio A+/A- of the ionic conductances of the 
cations (RSO,H,+) and anions (RS0,-) produced on self-protonation of the solvent is equal 
to 1.45, as is the case for several sulfonic acids [21], and that A- = 75 ohm-km2 for MSA 
[3,21] may also be used for FMSA (i.e., Iimol mL-I = 0.0054KsJohm-1cm-1). Since I,, is 
small for FMSA (= 2 x 10-6 mbYmL), the ionic strength of the solvent containing 0.1M 
salt was calculated from the salt concentration. Values of the Debye screening length K-' 
= (81cN,L$o)-1n are given in Table I, where L, = e Z k k T  is the Bjermm length with E the 
dielectric strength (L,,/nm = 57/& at 25"C, or LB = 0.9 nm for the solvents used here). For 
solutions in FMSA, the value of r l  at infinite dilution is entered, since the value of I,, 
increases significantly with increasing polymer concentration owing to the small value of 
I,, of FMSA. Thus, I,, = (lop + v,,mJ2, with (Zap the ionic strength at infinite dilution, m,, 
the molar concentration (moUmL) of polymer repeat units, and vp the degree of protona- 
tion of the polymeric repeat unit. Measurements of K, for cis-PBO in FMSA give vp -. 3, 
in accord with estimates of the degree of protonation of cis-PBO [I]. 

Values of the specific viscosity qsp = ( q  - qJqs were determined over a range of poly- 
mer concentration c, with qsp < 1.8 ( q  and qs being the viscosities of solution and solvent, 
respectively). Data for concentrations with qsp > 0.2 appear to follow the usual behavior, 
with [22] 

by 

Z, = Ksp/A-(l + A+/A-) 

qsp/c = [q] + k"q12c + ... (2a) 

TABLE I 
Parameters Determined for R o  Semiflexible Polyelectrolytes in Solvents with Different Electrostatic 

Screening Length 

k' b [Ol M W  MJ' A , L s M w  R , ,  R+9 
Polymera Solventa (nm) (mug) x104 xl04 (mug) (nm) (nm) 

cis-PBO FMSA 7.9 2300 5.4c 0.11 81W 84 22 
cis-PBO . MSA 2.1 1300 5.7 0.1 1 1700 70 26 
cis-PBO FMSA + 0.1M 0.8 1700 5.4 0.1 I 970 62 23 

6.95' <0.Md 7350 155 a&-PBO FMSA 7.9 - 
&PBO MSA 2.1 1400 6.95 0.067 1950 64 
&PBO FMSA + 0.1M 0.8 1300 6.95 < O M d  1200 54 20 

- 
- 

a) cis-PBO = poly(l,4-phenylene-2.6-cis-benzobisoxazole); ab-PBO = poly(2.5-benzoxazole); MSA = 
methane sulfonic acid; FMSA = trifluoromethane sulfonic acid FMSA + 0.1M = trifluoromethane sulfonic 
acid with 0.1 M lithium trifluoromethane sulfonate. 

b) The Debye electrostatic screening length, see text. 
c) Determined by extrapolation assuming that M, is as obtained with the solvent containing 0.1M salt, see 

d) An upper bound, the depolarized scattering R,, was too small to be measured. 
text. 
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LIGHT SCATTERING FROM POLYELECTROLYTES 59 

where k’is close to 1/3. The values of [q] reported in Table I were obtained by extrapola- 
tion of q,& and [ln(q//qS)]/c to infinite dilution, following standard practice. The behav- 
ior was abnormal in some cases for smaller q,sp, with qs,,/c tending to increase with 
decreasing c, with this effect being most pronounced for solutions in FMSA. Data from 
that regime were not employed here. The data on [q] obtained here for solutions in MSA 
and FMSA + 0.1M for cis-PBO and ab-PBO are similar to data reported in references 17 
and 18,~espectively, though [q] obtained here is about 30% larger than that in reference 
18 (the latter descripancy may be due in part to differences in dn/dc used to estimate M, 
from light scattering data, see below). 

Light scattering results are analyzed according to the model for anisotropic scatterers 
[2,22-271. This model provides equations for the dependence of vertical and horizontal 
components of light scattered with vertically polarized incident light, denoted R,(q) and 
RHV(q), respectively, on the modulus q = (4mjA) sin (1912) of scattering angle vector, 
where n, is the refractive index of the sample, A is the wavelength of light, and 29 is the 
angle between the incident and scattered beams; notation for the dependence on c is sup- 
pressed for convenience). The polarized scattering R,(O) extrapolated to zero scattering 
angle provide‘s information on the molecular weight M and the second virial coefficient A, 
[2,22-25]: 

where K = (21tz/NAA4)[no(dn/dc)]2. no is the solvent refractive index, NA is Avogadro’s num- 
ber and 6 the molecular anisotropy of the chain. The latter is a function of the chain con- 
formation and the intrinsic anisotropy 6, of the scattering elements making up the chain 
[2,23-251, see below. 

Measurements of dddc gave 0.474 and 0.369 d g  for cis-PBO and ub-PBO in MSA, 
respectively, and 0.629 and 0.541 m u g  for cis-PBO and ub-PBO in FMSA, respectively. 
Further, the latter values were also obtained for solutions in FMSA + 0. lM, indicating that 
the salt is essentially isorefractive with FMSA, simplifying the analysis of light scattering 
data [24-251. Similar values dddc has been reported for MSA solutions of cis-PBO [17] 
and ab-PBO [ 181 (assuming that the units have been erroneously reported as dL/g instead 
of mLJg in the latter case). 

When extrapolated to infinite dilution (denoted by a super zero), the angular depen- 
dence of the scattering provides a measure of the root-mean-square radius of gyration R, 
[ 22-25] : 

with R& = J ( 6 ) @ ,  where 
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60 V. J. SULLIVAN AND G. C. BERRY 

is unity for 6 = 0, and 3/7 for 6 = 1. The functions f, and f, tend to unity as &So tends to 
unity, and decrease approximately as p/L for large U p  (coil) [23-251. ConsequentlyJ, and 
f, may be approximated as unity for practical purposes, since the effect of molecular 
anisotropy on (Kc/R,(q))O is negligible for small &'So. The functions Kc/R,,(q) vs q were 
found to be essentially linear and parallel over the concentration range studied. Plots of 
[Kc/Rvv(q)],], versus sinz(.r912) for solutions of cis-PBO and ab-PBO in the three solvent 
systems studied are given in Figure 2. The extrapolated [Kc/Rvv(0)] are given as a function 
of concentration in Figure 3. 

The depolarized scattering RHV(0) extrapolated to zero scattering angle depends on the 
molecular weight M, the anisotropy 6, and the second virial coefficient A, [25,26]: 

I I I I I I I I I 
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- 

- - 
I I I I I I I I 
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FIGURE 2 Upper: The angular dependence of (Kc/R,(LY)) for solutions of cis-PBO. 
Middle: The angular dependence of (Kc/RHv(t3)) for solutions of cis-PBO. 
Lower: The angular dependence of (Kc/Rvv(LY)) for solutions of ab-PBO. 
In each case, the symbols designate the solvent: Squares, methane sulfonic acid; Circles, trifloromethane 
sulfonic acid-without (filled) or with 0.1M lithium tnfluoromethane sulfonate (untilled). 
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FIGURE 3 Upper: The concentration dependence of (Kc/R,(O))'~ for solutions of cis-PBO. 
Middle: The concentration dependence of Kc/R,,"(O) for solutions of cis-PBO. 
Lower: The concentration dependence of (KC/R~~(O))~~ a6-PBO (symbols as in Figure 2). 
In each case, the symbols designate the solvent as in Figure 2. 

(&J=w 5 

Or KclRHV(q) 
[23-251, 

[KC/RH,(q)]" = 513MB for 

(1 - A*Mc/4 + ...) (6)  

typical values of At. Further (for 6 # 0) 

with %,H = h2@, where is similar in form to f, and f2 [3-251, see below. Thus, 
& Z H  = &?,/J(& = Rg in the limit of a rodlike chain, but @iH < g,, = @ in the limit 
of a flexible chain. Values of   KC/.,,(^)]^ versus sin2(H2) are given in Figure 2 for solu- 
tions of cis-PBO in the three solvent systems studied, and the extrapolated [Kc/R,,(O)] are 
given as a function of concentration in Figure 3. Comparison of the reduced intensities 
extrapolated to zero angle and infinite dilution provides a measure of 6: 

RH v (o ) /c  O 36* ( Rvv(0 ) / c )  = 
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62 V. J. SULLIVAN AND G. C.  BERRY 

Since the samples are heterodisperse, appropriate averages must be used for the derived 
parameters. Thus, from the polarized scattering [2,23-25,29,30], 

( M ~ ) J J  = ZWvMv(l + 46*/5), = M, + 4(S2MH),/5 (9) 

The parameters from the depolarized scattering become 

Results obtained by analysis of the static light scattering data are given in Table I. The data 
on (@,v), and Az,lsMw obtained in solutions of cis-PBO in MSA and FMSA + 0.1M are 
similar to reports in reference 17 for solutions of similar ionic strength (e.g., (@,,), is 
about 25% larger than the value estimated from Figure 13 in reference 17 for solutions in 
MSA), but the data on S for these systems are somewhat smaller than values reported in 
reference 17. Values of A2,LSMw obtained in solutions of ab-PBO in MSA and FMSA + 
O.1M are about two-fold smaller than reported in reference 18 for solutions in MSA (note 
that the estimate for AZ.LFMw does not depend on dddc). 

Dynamic light scattering measurements were carried out to give the intensity auto-cor- 
relation function gQJ(r,;q,c) as a function of scattering angle q and correlation time T 
[24,25,27]. Typical correlation functions are given in Figure 4. Nonexponential behavior 
was seen in all cases. With a cumulant analysis [25,27], 

1 
2! (14) ln[g(2)(r;q,c) - 1]'12 = -Ki(q,c)r + - K2(q,c)z2 + ... 

A nonlinear least-squares analysis was used to determine K,(q,c) and K,(q,c). The ratio 
KJK,2 provides a measure of the heterodispersity of the polymeric solute in the absence 
of contributions to gQ)(r; q,c) from rotational or internal modes of motion [25,27]. The 
ratio IK,/K,21 was small < 0.1 for most of the data obtained in FMSA or FMSA + O.lM, 
but tended to be larger with solutions of cis-PBO in MSA. This may reflect some tenden- 
cy for association of cis-PBOain MSA. A systematic dependence of the measured 
K,(q,c)/q2 on angle for ab-PBO/MSA, provides additional evidence for some association. 
In the limit of zero scattering angle, DJc) = K,(q,c)/qz where D d c )  is the mutual diffu- 
sion coefficient. Values of qJ)dc) are shown as a function of c in Figure 5. The extrapo- 
lation follows the usual form: 

where DT is the translational diffusion constant and k, and k, are constants of order unity 
[24,25]. Data are conveniently represented as a hydrodynamic radius RH = kT/67qDT 
to remove the effects of the solvent viscosity q,v (values of 10.5, 3.12 and 2.81 cp were 
used for q3 for MSA, FMSA + O.lM, and FMSA, respectively). Since the samples are het- 
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The concentration dependence of the reduced mutual diffusion constant qp, for solutions of cis- 
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64 V. J. SULLIVAN AND G. C. BERRY 

erodisperse, an appropriate average must be used for 
[24,25,271, 

RHsLS = MW/~wvMv(R,')v 

the derived parameters 

(16) 

Values of R , ,  are given in Table I. 

DISCUSSION 

The wormlike chain model 

Since the wormlike chain model [22,28] will be used for the analysis of the characteri- 
zation data, it is convenient to present all of the relations to be used in the following 
paragraphs, before turning to their application. With this model, the chain with molec- 
ular weight M is characterized by a contour length L and persistence length p, presumed 
to be independent of L. The mass per unit length ML = M/L is also presumed to be a con- 
stant; ML is equal to 183 nm-' and 203 nm-' for cis-PBO and ab-PBO, respectively. 
Interactions among chain segments are characterized by a thermodynamic diameter dT 
of a chain segment and certain hydrodynamic properties are characterized by a hydro- 
dynamic diameter d, of a chain segment. The latter is expected to be near the geomet- 
ric diameter d, of a chain segment, but dT reduces to zero under Flory theta conditions 
(A, = 0). and may exceed d,  for a charged chain, see below. Exact expressions [22] for 
R2, and RH for the wormlike chain model may be represented by the simple relations 
[29,301 

RZ. = (L2/12)(1+ L/4p)-' (17) 

RH (L/2)( (27L/16p) + [ 2(L/dh)o.2/f(L/d,,)12 (18) 

wheref(L/d,,) = 2(L/dh)0.2/ln(3L/2dh) is approximately unity for the range of L/d, of inter- 
est here. For the wormlike chain model [23,24], 

(i?/i?o)2 = (2p/3L)( 1 - (p/3L)[ 1 - exp(-3L/p)]) = (1 + 3L/2p)-' (19) 

Consequently, the effects of optical anisotropy on Kc/R,(O) are expected to become neg- 
ligible as L / p  exceeds about unity and the conformation becomes coil-like. 

The second virial coefficient of a wormlike chain may be expressed in the form 
[22,25,31] 
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a: = { 1 + 7.5422 + 1 1.06t2 (24) 

where z" = A(L/p)z, with A(L/p) and Q(L/p,dT/p) known functions [22,25,28,31]. Both 
A(L/p) and Q(L/p,d,/p) are unity for large L / p  (coil); A(L/p) decreases to zero for small 
L/p (an approximate analytical form is available [30]), but the behavior for Q(L/p, dT/p) 
is more complex, with Q(L/p,d&) > 1 for d,tp IO.1 [28]. Finally, in general, [17] may be 
expressed as a function of M, R,, RH, and a structural function K,, that depends on the 
shape of the solute [33]. Thus, for a monodisperse solute: 

[171= m.4KqR6RH/M (25) 

where, for example, K,, is unity for a rodlike chain or a flexible chain with "free-draining 
hydrodynamics", and tends to 1013 for a flexible chain with "non-draining hydrodynam- 
ics. For the wormlike chain model, K,, may be approximated by the relation [33] 

(26) 

The preceding relations may be used to estimate the experimental parameters obtained 

K,,(L/p) = 1 + (7/6)( 1 + tan h[0.25 ln(L/340p)]] 

for hetemdisperse samples. Thus, for the wormlike chain model [2,29,30] 

( M v ) u  = ZW"M,(l+ 462/5)" = M, + 4(62M,),/5 (27) 

where p'= (L,,,L,,,,)p and d; = ( 1 5 , , , / 4 ~ . ~ ) ) d ~ ,  with 4.) = (C ~ ~ 4 ) ' ' ~  obtained from the 
average value of La over the molecular weight distribution [34]. For a most probable dis- 
tribution of L, p'= 1.09p, d$ = 1.55dh, and L / t w  = 1.5, etc. 

Characterlzation parameters 

Owing to the anticipated large value of p, the effects of intramolecular excluded volume 
on the chain dimensions are expected to be negligible for cis-PBO and small or negligible 
for ab-PBO. Thus, for example, 4,uM:/Rz,Ls is about one hundred-fold smaller than its 
limiting value (= 4 P N A )  [31], indicating that both a(L/p, dT/p, z) and a, are approxi- 
mately unity. The strong correlation of A2,, with the Debye screening length rc/ shown in 
Table 1 for both cis-PBO and ab-PBO is attributed to the effects of electrostatic interac- 
tions on dT, see below. For a@@, dT/p, z )  = 1, the average over chain lengths simplifies 
to give A2,u =A2,  so that the data on A2,u give dp(L/p, dJp, z) = d ,  equal to 1.5, 2.5 and 
9.2 nm for solutions of ab-PBO in MSA, FMSA + O.lM, and FMSA, respectively. The 
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data on A2,, for solutions of cis-PBO in MSA, FMSA + 0.1M and FMSA are similar to 
the values for ab-PBO in the corresponding solvents, and give d ,  equal to 1.3.2.1 and 11.1 
nm for solutions of cis-PBO in MSA, FMSA + O.lM, or FMSA, respectively. 

Analysis of the data on Rc,,Lw and RH,,/Z, gives p = 18 nm for the ab-PBO in solu- 
tion in FMSA + 0. lM, assuming a most-probable distribution of chain lengths (Le., M,M, 
= 1.5, etc.). A value of p = 9 nm has been deduced from the dependence of [q] on M, for 
solutions of ab-PBO in solution in MSA [ 181. Use of the estimate p = 18 nm and the pre- 
ceding relation for A, gives a calculated expansion factor a, = 1.03. Since a, is essential- 
ly unity, the effects of excluded volume may be neglected on the estimate of p from data 
on Rc,,/Lw and RH,,/L,. The data on R,,,/Z, give p > 400 nm for the ab-PBO in solution 
in FMSA, i.e., the chain conformation is rodlike for ab-PBO in solution in FMSA, pre- 
sumably owing to the effects of electrostatic interactions on p, see below; this estimate of 
p is comparable to L, .for the polymer studied. 

As expected if a nearly rodlike chain conformation is conferred by the chain structure, 
the values of R , ,  and RH,, do’not vary much as a function of the ionic strength of.the sol- 
vent for cis-PBO, despite the wide variation in d,. The values of p deduced from the data 
on Rc,, and the assumed most-probable molecular weight distribution give p = 40 nm. A 
somewhat smaller estimate of p = 25 nm has been deduced from data on R , ,  over a range 
of M, [17]. As noted above, the estimate for R , ,  obtained here is slightly larger than 
would be interpolated from the data in reference 17 for the same M,. The data on R , ,  are 
consistent with this estimate if dH = 1.3 nm. This is larger than the estimated geometric 
diameter dH = 0.5 nm, and close to the estimate of dT = 1.3 nm observed in the solvent with 
highest ionic strength. This may indicate that dH reflects the diameter of a solvated seg- 
ment. 

The function Kapp = [ ~ ] ~ w / ~ ~ A & R H . U  is equal to K,,(L/P) for a monodisperse poly- 
mer, and K,, = ( M ~ ~ ) ’ . 2 ( M / M , + , ) ( M ~ ~ ~ , 2 , ) o ~ 2 K , , ( ~ p )  for a plydisperse linear chain. 
The data on ab-PBO insolution in FMSA + 0.1M give Kupp = 0.82, consistent with the esti- 
mate Kqp = 0.5 expected for the assumed distribution of molecular weights and K,,(&/p) = 
1.5 corresponding to the relation given above for K,,(L/p). Similarly, K,, is between 0.4 to 
0.5 for the solvents used for cis-PBO, which is the range expected for the assumed molecu- 
lar weight distribution if K,,(LJ,p) = 1, as expected for a rodlike chain (LJp < 1). 

A striking feature of the angular dependence of the scattering on solutions of cis-ab-PBO 
is the substantial difference between @,v = (3/[ K ~ / R v v ( o ) l o  1 d[ Kc/RvV(q) and 

@ , H  = (7/3[~~/R~,(O)I”)d[~~/R~,(q)]~/~~,with @,H << R&v, seeFigure2. Using 
the estimate p = 40 nm given above for cis-PBO, together with an assumed most-probable 
distribution of L, ( @ , H I ,  = O.~@,V, consistent with the observed weak angular depen- 
dence of [Kc/RHv(q)]o. These parameters give 6, = 0.49 using from the data on 
[RHv(0)d?vv(O)10 for cis-PBO, consistent with prior estimates of 6, for similar chains [2]. The 
weaker &polarized scattering for solutions of ab-PBO, despite the deduced value of LJp < 
1 for solutions in FMSA suggest that 6, must be small for this chain, perhaps due to the incli- 
nation of the repeat unit axis to the mean axis of the chain in an extended conformation. 

Comparison with theory 

For charged chains such as those studied here, both p and dT comprise two terms, one for 
effects characteristic of the neutral chain (subscript n),  and one for electrostatic effects 
(subscript e) [5-111: 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
9
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



LIGHT SCATTERING FROM POLYELECTROLYTES 67 

P = P n  + P e  

The freely-rotating chain model with fixed bond lengths gives pn = 5 nm for ab-PBO. 
Values of p,, have been predicted to be in the range 25 to 80 nm for cis-PBO [16,17]. 
Typically, 0 I d,, S d,, with the lower bound set by the onset of phase separation in the 
absence of other factors. Presumably, 4 could be negative without phase separation if d, 
is large enough, see below. 

An electrostatic model based on a charged wormlike cylinder has been developed for 
both p, and de [8-111, and an electrostatic model has been developed for p, for a charged 
wormlike chain [S-8,12,13]. The former treatment accounts for the formation of ion pairs 
as L, approaches L,, and expresses dc and qoe in terms of the reduced parameters ~ 4 ,  
dG/LB and 154,. Calculations using the model show that for the range of parameters of 
interest here, ufe depends only weakly on dG, with ufc in the range 5 - 7, for d, = 0.5 - 
2 nm, L, = 0.9 nm, and L, = 0.5 I 1 nm. Although the trends in dT observed with ionic 
strength of the acidic solutions of both cis-PBO and ab-PBO are consistent with the 
behavior calculated for d,, the observed dT are much smaller than the calculated d,. Thus, 
dJdT = 10 for solutions in FMSA + 0.1 or MSA, and d,/dT = 5 for solutions in FMSA. This 
may indicate that dn is negative, and that solutions of cis-PBO or ab-PBO would not be 
soluble in these reagents without the protonation of the macromolecule. Indeed, both 
polymers come out of solution on addition of small amounts of water, which acts as a 
stronger base than the polymer, leading to deprotonation and precipitation. 

The results of electrostatic models may be expressed in the form 

For the wormlike chain model (and a univalent electrolyte), ke(dGK,L$Lc) = 
( ~ ~ , K ) - ~ ( L , / L , ) ~ ,  with m = 2 for L,/L, < 1, and zero otherwise, and g, (LK)  - (1 + 
18/(L~)~)-' (an exact from is available) [6,7]. Thus, p)c = g , ( L ~ ) / ( 4 L , d )  with this model 
for L,/L, > 1. The model is expected to apply only in the range pe < pn. The function 
g,(LK) is set to unity with the developments for the wormlike cylinder model [9-111, and 
for the range of parameters of interest, the dependence of k,(d,m5,/Lc) on dGK is weaker 
with the charged wormlike cylinder model than for the chain model, with k,(d,qL,/L,) 
equal to 1 and 2 for solutions in MSA (or FMSA + O.1M) and FMSA, respectively. This 
gives p - 5 + 1 = 6 nm for ab-PBO in solution in FMSA + 0.1M using the estimate dG/LB 
= 0.56 and K from Table I, in comparison with the value p - 18 nm given above. 
Correspondence between the calculated and measure values would require an unexpect- 
edly large value for 4, or a substantial decrease in the estimate for L,. Similarly, the esti- 
mate of p - 400 nm obtained for ab-PBO in solution in FMSA is substantially larger than 
the calculated pc - 25 nm obtained with the model. The relative independence of p from 
 for solutions of cis-PBO indicates that pe < pn for this chain. 

The large value of p for ab-PBO in solution in FMSA may be surprising in comparison 
with the much smaller estimate found for cis-PBO, despite the larger value of p,, for cis- 
PBO. An explanation for this behavior may reside in the constraints to further chain exten- 
sion for cis-PBO owing to its structure. By contast, the rotational freedom in ab-PBO per- 
mits considerable extension of the chain relative to the conformation of the neutral chain. 
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The electrostatic interactions are thus not able to effect further extension of the cis-PBO 
chain, whereas they appear to stabilize an extended zig-zag conformation ab-PBO chain 
in solution in FMSA, so as to minimize the electrostatic interactions among the protonat- 
ed repeat units (the Debye screening length far exceeds the charge separation in this case). 
The electrostatic model for the charged wormlike cylinder does not appear to account for 
this behavior. 

CONCLUSIONS 

The data on cis-PBO and ab-PBO reveal the effects of electrostatic interactions among the 
protonated chains through a thermodynamic segment diameter dT that depends markedly 
on the Debye electrostatic screening length rl. The analysis suggests that the electrosta- 
tic component d, must be large enough to offset a neutral component d,, in dn providing 
the mechanism for dissolution of the charged chains. The data give a persistence length p 
= 40 nm for cis-PBO, essentially independent of rl. Thus, for this chain the electrostatic 
component pc to p must be small in comparison with the neutral component p,, to p. This 
appears to be in reasonable accord with estimates of p,, based on conformational analyses, 
and pe using an electrostatic model. By contrast, p is found to depend markedly on r1 for 
ab-PBO, with p much larger than pn for all of the systems studied. The observed ~p vary 
from 20 to 50 with r1 increasing from 0.8 to 8 nm for ab-PBO. Thus, ab-PBO may be 
considered to be a charged wormlike semiflexible chain in solvents with low rl (high 
ionic strength), and rodlike in solvents with larger r'. By comparison, values of KP cal- 
culated with an electrostatic model for a charged wormlike cylinder are about ten-fold 
smaller. The discrepancy is attributed to the failure of the electrostatic model to account 
for the discrete rotational states available to the ab-PBO chain. 
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